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ABSTRACT Biobeds, designed to minimize pesticide point source contamination,
rely mainly on biodegradation processes. We studied the interactions of a biobed
microbial community with the herbicide isoproturon (IPU) to explore the role of the
pdmA gene, encoding the large subunit of an N-demethylase responsible for the ini-
tial demethylation of IPU, via quantitative PCR (qPCR) and reverse transcription-PCR
(RT-qPCR) and the effect of IPU on the diversity of the total bacterial community
and its active fraction through amplicon sequencing of DNA and RNA, respectively.
We further investigated the localization and dispersal mechanisms of pdmAB in the
biobed packing material by measuring the abundance of the plasmid pSH (harbor-
ing pdmAB) of the IPU-degrading Sphingomonas sp. strain SH (previously isolated
from the soil used in the biobed) compared with the abundance of the pdmA gene
and metagenomic fosmid library screening. pdmA abundance and expression in-
creased concomitantly with IPU mineralization, verifying its major role in IPU trans-
formation in the biobed system. DNA- and RNA-based 16S rRNA gene sequencing
analysis showed no effects on bacterial diversity. The pdmAB-harboring plasmid pSH
showed a consistently lower abundance than pdmA, suggesting the localization of
pdmAB in replicons other than pSH. Metagenomic analysis identified four pdmAB-
carrying fosmids. In three of these fosmids, the pdmAB genes were organized in a well-
conserved operon carried by sphingomonad plasmids with low synteny with pSH, while
the fourth fosmid contained an incomplete pdmAB cassette localized in a genomic frag-
ment of a Rhodanobacter strain. Further analysis suggested a potentially crucial role of
IS6 and IS256 in the transposition and activation of the pdmAB operon.

IMPORTANCE Our study provides novel insights into the interactions of IPU with
the bacterial community of biobed systems, reinforces the assumption of a transpos-
able nature of IPU-degrading genes, and verifies that on-farm biobed systems are
hot spots for the evolution of pesticide catabolic traits.

KEYWORDS pdmAB, isoproturon biodegradation, biobed, metagenomics, horizontal
gene transfer

Pesticides are used in agriculture worldwide to protect crops from various pests and
diseases. However, they can be harmful to the environment and human health (1).

Point source contamination resulting from the uncontrolled environmental discharge
of pesticide-contaminated agroindustrial effluents significantly contributes to the con-
tamination of water resources by pesticides (2, 3). To cope with point source contam-
ination, a simple biopurification system called biobed was developed (4) and used
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in various formats to treat effluents produced by on-farm activities (5, 6) or fruit-
packaging plants (7). In its typical form, a biobed is a pit on the ground packed with
bioorganic material composed of soil, straw, and peat or compost mixed at various
volumetric ratios (2). This packing material supports an active microbial community
able to degrade a wide range of pesticides, playing a key role in the efficiency of biobed
systems (8).

To the best of our knowledge, only a few studies have explored the composition (9,
10) and functions (11) of microbial communities in biobed systems. Repeated exposure
to high pesticide loads leads to the proliferation of bacterial populations able to rapidly
degrade pesticides and to use them as a nutrient source, as shown in biobeds for
linuron-degrading bacteria carrying the hydrolase-encoding genes hylA and libA (12).
The growth of specific pesticide-degrading microbial guilds can be monitored by
measuring the abundance and expression of pesticide-specific catabolic genes, as was
done in previous soil studies (13–16). However, this approach does not provide any
taxonomic information on the microbial degraders. To this end, advanced amplicon
sequencing methods can be suitable to identify microorganisms growing at the
expense of pesticides. As such, Itoh et al. observed a gradual increase in the abundance
of Burkholderia bacteria in a soil repeatedly treated with fenitrothion and proposed
their involvement in the degradation of this compound (17). Using an RNA-based
analysis, Gallego et al. observed limited changes in the composition of the bacterial
community in response to oxamyl applications in soil exhibiting an enhanced biodeg-
radation of oxamyl (18). Previous studies have used different high-throughput ap-
proaches, such as taxon-specific quantitative PCR (qPCR) (19) and amplicon sequencing
(20, 21), to define the responses of the microbial communities to pesticide applications
in agricultural soils but not yet in biobed systems exposed to high pesticide loads.

Gu et al. identified the bacterial genes pdmAB, encoding the oxygenase components
of an N-demethylase, as being responsible for the biodegradation of the phenylurea
herbicide isoproturon (IPU) in soil (22). However, no information is available regarding
their occurrence, distribution, and activity in biobed systems, where effluents contain-
ing IPU are regularly discharged. PdmAB catalyzes the first and key step in the bacterial
transformation of IPU, its N-demethylation to monodemethyl-IPU (MD-IPU) and
didemethyl-IPU (DD-IPU) (23). The demethylated IPU products are transformed into
4-isopropylo-aniline (4-IA) by a DdhA hydrolase. 4-IA is further converted by aniline
dioxygenase (ado, tdn, and atd genes) to catechol and finally transformed into C1

compounds through the relevant ortho or meta cleavage pathway (23) (see Fig. S1 in
the supplemental material). The pdmAB genes were detected in several IPU-degrading
bacterial strains, such as Sphingobium sp. strain YBL2, isolated from soil in China
(GenBank accession number CP010958.1); Sphingomonas sp. strain SRS2, isolated from
soil in the United Kingdom (GenBank accession number LARW01000036.1); and Sph-
ingomonas sp. strain SH, isolated from the soil of the experimental farm of INRAE, Dijon,
France (22, 24, 25). Interestingly, in all these strains, the pdmAB genes were located in a
conserved cassette, which comprised, apart from pdmAB, two genes encoding a
glyoxylase family protein and a cis-2,3-dihydrobiphenyl-2,3-diol dehydrogenase (23).
This cassette resides mostly in plasmids such as pSH (GenBank accession number
KU237244.1) (Fig. S2) of Sphingomonas sp. SH and YBL2-p4 of Sphingobium sp. YBL2.
Besides pdmAB, pSH carries ddhA, responsible for the cleavage of the urea side chains
of MD-IPU and DD-IPU, but no aniline dioxygenase or a catechol cleavage operon,
unlike Sphingobium YBL2, which has the pdmAB, ddhA, and aniline dioxygenase genes
localized in three different plasmids (23). This genetic organization of pdmAB implies
that horizontal gene transfer controls their dispersal in the bacterial community,
although direct evidence for this is still lacking. Previous studies showed that biobeds
are enriched in mobile genetic elements (MGEs) (26, 27), providing the first evidence of
their key role in the dispersal of biodegradation-related traits within the bacterial
community of biobed systems. However, the identity of the holders of these MGEs, their
localization in the metagenome or plasmidome of biobeds, and their functional role in
the degradation of IPU remain unexplored.
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In this context, the aims of this study were (i) to explore the role of the pdmA
microbial guild in the mineralization of IPU in a biobed packing material, (ii) to
investigate the response of the overall bacterial community of the biobed packing
material to IPU and identify (positively or negatively) affected members, and (iii) to
obtain insights into the evolution, localization, and possible dispersal mechanism of the
pdmAB genes in a biobed system. Therefore, in a series of microcosm studies with
biobed packing material collected from an operative biobed exposed to a range of
pesticides, including phenylurea herbicides (Table S1), we (i) measured the mineraliza-
tion of 14C-ring-labeled IPU and correlated it with the abundance and expression of the
pdmA gene and with the abundance of the pdmAB-containing plasmid pSH of the
IPU-degrading Sphingomonas sp. strain SH (previously isolated from the soil used for
the preparation of the biobed packing material), (ii) determined the composition of the
total (DNA) and active (RNA) fractions of the bacterial community under IPU exposure
by sequencing of 16S rRNA gene amplicons, and (iii) prepared and screened for the
presence of pdmA in a fosmid metagenomic library from the biobed packing material
and sequenced positive clones to provide insights into the localization and dispersal
mechanisms of pdmAB.

RESULTS

Three independent microcosm experiments comprising triplicates for each treat-
ment, schematically shown in Fig. 1, were employed to address the following main
research questions of this study. What is the functional role of pdmA in the mineral-
ization of IPU in a biobed system (microcosm experiments 1 and 2)? What is the
response of the bacterial community of the biobed packing material to IPU exposure
(microcosm experiment 2)? What are the localization and dispersal mechanisms of
pdmAB driving its function in the biobed packing material (microcosm experiments 1
and 3)?

Microcosm experiment 1. In a first microcosm study (Fig. 1), we assessed the miner-
alization of 14C-ring-labeled IPU and correlated it with the abundance of the pdmA gene. In
parallel to the determination of the temporal dynamics of pdmA abundance, we monitored
the dynamics of the plasmid pSH (see Fig. S2 in the supplemental material) carrying the
pdmAB genes. A comparison of its abundance to that of the IPU-degrading genes can
indicate if they are cargo of only pSH or if they are carried by other replicons.

(i) IPU mineralization. IPU was readily mineralized in the biobed packing material,
with half of the initially applied 14C-ring-labeled IPU evolving as 14CO2 within 2 weeks
(Fig. 2). IPU mineralization followed first-order kinetics, with a maximum IPU mineral-
ization (A) of 53.6% � 0.4% (yield expressed as a percentage of the initially added
radioactivity), a maximum mineralization rate (�m) of 12.8% � 0.6% per day, and a lag
phase (�) of 1.6 � 0.0 days, as calculated by fitting the modified Gompertz growth
model to the IPU mineralization curve.

(ii) pdmA and pSH abundances. A low number of copies of the pdmA gene was
detected in the biobed packing material before IPU treatment (at 0 days, 22 copies per
104 copies of the 16S rRNA gene) (Fig. 2). Its relative abundance increased parallel to
the mineralization of IPU, reaching its maximum level (262 � 91 copies per 104 copies
of the 16S rRNA gene) at day 7, which coincided with the end of the exponential phase
of IPU mineralization (Fig. 2), and reverted to levels similar to those observed at 0 days
at the end of the incubation period (at 14 days, 38 copies per 104 copies of the 16S
rRNA gene [P � 0.05 by analysis of variance {ANOVA} followed by a Tukey test]). Parallel
measurements of the relative abundance of the plasmid pSH, through the quantifica-
tion of a pSH-specific sequence stretch (Fig. S2), showed a response pattern similar to
that of the pdmA gene, although its abundance was significantly lower (P � 0.05 by
ANOVA followed by a Tukey test) than that of pdmA throughout the incubation period
(Fig. 2).

Microcosm experiment 2. A second microcosm study on the same biobed packing
material was employed to (i) confirm the involvement of pdmA in the mineralization of
IPU through measurement of its expression dynamics during the mineralization of
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14C-labeled IPU and (ii) explore the temporal responses of the total bacterial commu-
nity and its active fraction to IPU exposure using DNA- and RNA-based amplicon
sequencing of the 16S rRNA gene, respectively (Fig. 1). This can potentially lead to the
identification of operational taxonomic units (OTUs) whose abundances increase (due
to growth-linked biodegradation) or decrease (due to toxicity) in response to IPU
exposure.

(i) IPU mineralization. In accordance with the first microcosm study, the mineral-
ization of 14C-labeled IPU in the second microcosm experiment followed first-order

FIG 1 Schematic representation of the three microcosm experiments performed with the biobed packing material of the experimental farm of INRAE, Dijon,
France, to determine (i) IPU mineralization and the abundance of the pdmA gene and the plasmid pSH (experiment 1); (ii) IPU mineralization, the abundance
and expression of the pdmA gene, and the response of the total (DNA) and active (RNA) bacterial communities to IPU exposure (experiment 2); and (iii) the
localization and genetic organization of the pdmAB genes in the indigenous bacterial community (experiment 3).
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kinetics, with a maximum A value of 49.1% � 1.4%, a �m value of 4.2% � 0.3% per day,
and a � value of 2.7 � 0.2 days (Fig. 3a). Mass balance analysis performed at the end of
the incubation period led to the recovery of 88.7% � 2.4% of the initially added 14C
radioactivity (Fig. 3b). Only a small fraction of the initially applied 14C radioactivity
(1.7% � 0.2%) was recovered in the extractable residue (ER) fraction, while a larger
fraction of the initially added 14C radioactivity (37.3% � 0.9%) was retained by the
biobed packing material and was recovered in the non-ER (NER) fraction (Fig. 3b).

(ii) Relative expression of the pdmA gene. The relative expression of the pdmA
gene (ratio of the number of transcripts [RNA] to the number of copies [DNA]) was
analyzed in biobed microcosms treated with a fresh IPU application and in control
microcosms treated with water instead of IPU (Fig. 3a). At 0 days, transcripts of the

FIG 2 Microcosm experiment 1: mineralization pattern of 14C-ring-labeled IPU (percentage of the initially
applied 14C) and relative abundances of the pdmA gene and plasmid pSH (copy number per 104 16S rRNA
genes) in the biobed packing material. Values indicated by different letters are significantly different
(P � 0.05 by ANOVA followed by a Tukey test).

FIG 3 Microcosm experiment 2. (a) Mineralization pattern of 14C-ring-labeled IPU (percentage of the initially applied 14C) and relative expression of pdmA (ratio
of the number of transcripts [RNA] to the number of copies [DNA]) in IPU-treated and untreated microcosms of the biobed packing material. Values indicated
by different letters are significantly different (P � 0.004 by a Kruskal-Wallis test followed by a Conover-Iman test with a Bonferroni-corrected P value of 0.005).
(b) Mass balance analysis of the 14C-labeled residues in the biobed packing material.
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pdmA gene were detected in both control and IPU-treated biobed packing material
(3.07 � 1.39 mRNA copies per 103 copies of DNA). In the treated samples, the relative
expression of pdmA showed a significant increase (P � 0.004 by a Kruskal-Wallis test
followed by a Conover-Iman test with a Bonferroni-corrected P value of 0.005) at day
10 (10.29 � 3.63 mRNA copies per 103 copies of DNA) concomitantly with IPU miner-
alization. It then decreased to its initial levels by day 14. In contrast, the relative
expression of pdmA did not significantly change during incubation in the control
biobed packing material samples (Fig. 3a) (P � 0.101 by a Kruskal-Wallis test followed
by a Conover-Iman test with a Bonferroni-corrected P value of 0.005). In fact, both pdmA
expression and pdmA abundance remained at the initial levels in the control micro-
cosms throughout the experiment (Table S2).

(iii) Impact of IPU on the diversity of the bacterial community in the biobed
packing material. The effects of IPU on the diversity of the total bacterial community
(DNA based) and its active fraction (RNA based) were determined by amplicon se-
quencing. In total, after demultiplexing and the removal of low-quality raw sequence
reads, amplicon sequencing generated 6,468,787 high-quality 16S rRNA gene se-
quences with an average postassembly insert sequence length of 459 � 13 bp. These
sequences were grouped into 13,620 different OTUs, which were phylogenetically
grouped (threshold of a 0.05% relative abundance) into 27 bacterial phyla (Fig. S3a).
Regardless of treatment and time, Proteobacteria dominated both the total bacterial
community and its active fraction, followed by Actinobacteria, Acidobacteria, Verruco-
microbia, and Firmicutes but at significantly lower abundances. Statistical analysis did
not show any significant effects of IPU on the relative abundance of the dominant
bacterial phyla (P � 0.940 by ANOVA followed by a Tukey test). Lower-taxonomic-level
analysis showed no significant differences between treatments (IPU-treated and un-
treated samples) (P � 0.013 by a Kruskal-Wallis test followed by a Conover-Iman test
with a Bonferroni-corrected P value of 0.0008) along the incubation time in the relative
abundances of both the total and active fractions of the dominant bacterial orders (Fig.
S3) and of the genera Sphingomonas (1,740 � 155 sequences) and Sphingobium
(2,706 � 155 sequences) (P � 0.200 by a t test and a Welch test), expected to encom-
pass IPU-degrading strains (Fig. S4). The Simpson reciprocal, Chao1, and phylogenetic
diversity (PD) whole-tree �-diversity indices (Table S3) were not significantly affected by
IPU exposure in both the total and the active fractions of the bacterial community
(P � 0.001 for Simpson reciprocal diversity as determined by a Kruskal-Wallis test
followed by a Conover-Iman test with a Bonferroni-corrected P value of 0.0008;
P � 0.052 for Chao1 as determined by ANOVA followed by a Tukey test; P � 0.003 for
the PD whole-tree index as determined by a Kruskal-Wallis test followed by a Conover-
Iman test with a Bonferroni-corrected P value of 0.0008). Interestingly, Simpson recip-
rocal diversity indices were significantly higher for the active bacterial community than
for the total bacterial community regardless of the treatment applied and the sampling
time considered (P � 0.0001 by a Kruskal-Wallis test followed by a Conover-Iman test
with a Bonferroni-corrected P value of 0.0008).

The potential impact of IPU on the �-diversity of the total bacterial community and
its active fraction was explored by multivariate analysis. Principal-coordinate analysis
(PCoA) from weighted UniFrac distance matrices between treatments (control versus
IPU treated) and sampling times (7, 10, and 18 days) showed a clear separation of the
total from the active bacterial community along PCoA axis 1, accounting for 90.7% of
the variance (Fig. 4). Analysis of similarity (ANOSIM) followed by pairwise tests showed
(i) significant time effects on the �-diversities of the total bacterial community in the
control samples at day 10 and of the active fraction of the total bacterial community at
days 7 and 10 compared to their respective compositions at day 0 (Table S4) and (ii)
that IPU did not significantly affect the �-diversity (P � 0.143) of either the total or the
active fraction of the bacterial community in the biobed packing material (Table S5).

Microcosm experiment 3: metagenomic analysis of the biobed packing mate-
rial. A third microcosm experiment (Fig. 1) was employed to obtain insight into the
localization, evolution, and dispersal mechanisms of the pdmAB genes through analysis
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of the metagenome of the bacterial community of the biobed material. In the first
microcosm experiment, the pSH-specific sequence stretch was detected at a lower
abundance than pdmA, implying that only a small fraction of the IPU-degrading
bacterial community carried pdmA in pSH. We further pursued this through the
preparation of a fosmid metagenomic library from DNA extracted from the biobed
packing material. Its PCR screening led to the identification of four fosmids (fosmids 13,
14, 15, and 16) giving amplification of the pdmA gene. Sequencing of these fosmids
generated inserts of 39.1, 34, 46.1, and 41.5 kb, which were assembled in a single
contig, each containing 25, 27, 44, and 53 open reading frames (ORFs), respectively. The
functional annotations of the detected ORFs are shown in Table S6. In fosmids 13, 15,
and 16, pdmAB resided in a 4,460-bp cassette identical to the pdmAB cassettes of
Sphingomonas sp. SH and Sphingobium sp. YBL2, being flanked by transposases be-
longing to different insertion sequence (IS) families and composed of genes encoding
a glyoxalase dioxygenase, PdmA, PdmB, and a dihydrodiol dehydrogenase (Fig. 5). In
contrast, fosmid 14 contained an incomplete pdmAB cassette, missing the gene coding
for the dihydrodiol dehydrogenase, with mobile genetic elements (MGEs) found down-
stream of the pdmAB operon (Fig. 5). The pdmAB genes derived from the four fosmids
and the pdmAB genes of the Sphingomonas sp. strain SH were 100% identical. We noted
a single nucleotide difference of these sequences in comparison to the pdmA gene of
Sphingobium sp. YBL2 (22). This single nucleotide difference resulted in a nonsilent
amino acid change at position 309 (threonine versus alanine) of fosmid-derived PdmA.

Beyond the pdmAB region, the fosmids showed low overall synteny with plasmids
pSH and YBL2-p4 (Fig. 6). The sole exception was fosmid 16, which showed synteny
with pSH in a region of 8 kbp upstream of the pdmAB cassette encoding several
hypothetical proteins, a plasmid partitioning protein (ParA), and mercury resistance
proteins (MerT and MerR). Fosmids 13, 15, and 16 showed synteny with each other in
a region encoding conjugation transfer proteins (traACDG). These fosmids also con-
tained other genes of plasmid origin (parAB, mobA, and virD). In contrast, fosmid 14
showed no synteny with YBL2-p4, pSH, and the other three fosmids (except for the

FIG 4 Microcosm experiment 2: PCoA on weighted UniFrac distance matrices based on the presence and absence of OTUs obtained by analysis of the total
(DNA-based) and active (RNA-based) fractions of the bacterial community collected from the untreated (control [CTRL]) and IPU-treated (IPU) samples at day
7 (d7), day 10, and day 18. For each treatment, values from each of the four replicates are shown. Variance is expressed as a percentage on each axis.
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pdmAB region) (Fig. 6) and contained no plasmid-signatory genes (Table S6). Instead, it
carried several housekeeping genes encoding enzymes involved in primary bacterial
metabolism, such as (i) aroE participating in the biosynthesis of aromatic amino acids
(28), (ii) rpiB involved in the pentose phosphate pathway (29), and (iii) rimK involved in

FIG 5 Microcosm experiment 3: organization of the genes in the pdmAB region in plasmids pSH of Sphingomonas sp. SH and YBL2-p4 of Sphingobium sp. YBL2
and in the four fosmids (FSMD13, -14, -15, and -16) derived from the metagenomic library of the biobed packing material. Different functional and phylogenetic
annotations (regarding insertion sequences [IS]) of the genes are denoted with different colors, and terminal inverted repeats flanking mobile genetic elements
(MGEs) are denoted with yellow arrows.

FIG 6 Microcosm experiment 3: synteny analysis of plasmid pSH of Sphingomonas sp. strain SH and plasmid YBL2-p4 of Sphingobium sp. YBL2 carrying the
pdmAB cassette with the four fosmids (FSMD13, -14, -15, and -16) derived from the metagenomic library of the biobed packing material as positive for the
presence of the pdmAB genes. Different functional annotations of the genes are denoted with different colors.
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the biosynthesis of proteins (30), or in shock response mechanisms, such as cspA (31).
All these ORFs were phylogenetically assigned to the family Xanthomonadaceae and
especially to the genus Rhodanobacter. Finally, none of the fosmids carried the ddhA
gene found in pSH (Fig. 6 and Table S6), known to be responsible for the cleavage of
the urea side chains of MD-IPU and DD-IPU (23).

We expanded our analysis to the MGEs detected in the region of the pdmAB operon
in fosmids compared to plasmids pSH and YBL2-p4. The phylogenetic annotations of
MGEs in the fosmids/plasmids and associated terminal inverted repeats (TIRs) and
direct repeats (DRs) are listed in Table S7, and their localization in the different replicons
is presented in Fig. 5. In all fosmids and in YBL2-p4, the pdmAB cassette was flanked by
MGEs belonging to the IS6, IS256, and Tn3 families, compared to pSH, where the pdmAB
cassette was flanked by only IS6 family MGEs (Fig. 5). An alignment of the sequences
of the IS6 and IS256 transposases flanking the pdmAB cassette showed that they were
100% identical in most cases (Table S8). In fosmids 14 and 16, the IS6 element flanking
the 3= end of the pdmAB operon was truncated (576 bp of the 840-bp full length), most
probably by a lateral insertion of a full-length IS256 element (1,322 bp), which, unlike
IS6, was flanked by 32-bp perfect TIRs and 9-bp DRs (Table S7). Fosmids 13 and 15
showed a different MGE localization pattern, whereby their pdmAB operon was directly
flanked (on only one side) by IS256 (always accompanied by 32-bp TIRs and 9-bp DRs),
while truncated copies of IS6 were found directly downstream. We further noticed
several remnants of Tn3 transposases (1,086 to 2,235 bp) in the region of the pdmAB
operon of fosmids 13, 14, and 16, not accompanied by a resolvase. An exception was
fosmid 15, where tnpR encoding a serine-type resolvase was found directly upstream of
tnpA of the Tn3 family (Table S6), in line with the typical composition of Tn3 trans-
posons (32). Unlike fosmids, the pdmAB operon in plasmids YBL2-p4 and pSH was
flanked on both sides by IS6, forming a composite class I transposon, although in
YBL2-p4, the copy of IS6 found downstream of the pdmAB operon appears truncated,
similarly to fosmids 14 and 16 (Fig. 5 and Table S7).

DISCUSSION

The biobed packing material showed high efficiency in mineralizing 14C-ring-labeled
IPU, similar to the mineralization rates recorded for the soil that was used for the
preparation of the biobed packing material (33). The enhanced IPU mineralization
capacity recorded for the biobed packing material may also result from its frequent
exposure to IPU-containing effluents (four times in 2015) (see Table S1 in the supple-
mental material). This is in accordance with the results of Sniegowski et al., who showed
that the addition of small amounts of soil adapted to the enhanced biodegradation of
linuron (another phenylurea herbicide), metamitron, and metalaxyl resulted in the rapid
establishment of a high mineralization potential for these pesticides in biobeds,
whereas nonprimed biobeds also developed a linuron mineralization capacity but only
after repeated applications of linuron (34, 35). Mass balance analysis of the applied
14C-labeled IPU suggested that all the extractable (and, hence, bioavailable) 14C-labeled
IPU evolved to 14CO2. The proportion of NER in the biobed packing material (37%) was
similar to that in the soils of the INRAE farm (40 to 50%) (24) but lower than those
observed in soils not adapted to the enhanced biodegradation of IPU (48 to 73%) (36).

The rapid mineralization of 14C-labeled IPU accompanied by a reciprocal increase in
the abundance of the pdmA gene suggests that the IPU-degrading microbial guild,
carrying the pdmA gene, was already present in the biobed packing material and readily
proliferated upon a fresh IPU addition. Measurements of the transcription pattern of the
pdmA gene in the biobed packing material confirmed the direct involvement of the
IPU-degrading guild in the rapid mineralization of this herbicide. This is in line with
previous studies reporting a positive correlation between the mineralization of linuron
and the abundance of the libA or hylA gene, involved in the hydrolysis of linuron, in
biobed packing material (12). Interestingly, when no more bioavailable IPU remained,
the abundance and transcription levels of pdmA had reverted to their initial levels. This
is in agreement with studies showing that the 2,4-dichlorophenoxyacetic acid (2,4-D)-,
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4-chloro-2-methylphenoxyacetic acid (MCPA) (37)-, and atrazine (38)-degrading genetic
potential rapidly decreased once pesticide mineralization had ceased in soils.

All these findings suggest that IPU application to the biobed packing material
stimulated the proliferation of the IPU-degrading bacterial guild. Beyond this, we
explored the overall effect of IPU on the total bacterial community and its active
fraction. The bacterial community of the biobed packing material was dominated by
Proteobacteria, in line with recent studies of biobed systems (9, 10). The total and active
fractions of the genera Sphingomonas and Sphingobium were not changed in response
to IPU exposure, suggesting that the pdmAB-carrying sphingomonads constitute only
a small fraction of the sphingomonads and/or that the pdmAB genes are also carried by
bacteria other than sphingomonads. When applied at an agronomic dose, IPU did not
induce significant effects on the �- and �-diversities of the bacterial community of the
biobed packing material. This is in line with a study by Storck et al., who reported no
effects of IPU on the soil bacterial community even when exposed at 10 times the
agronomical dose (20). In addition, no changes in the active fraction of the bacterial
community in the biobed packing material were observed in response to IPU, suggest-
ing that the transitory changes of the IPU-degrading bacterial guild can be traced only
at the functional level (pdmA gene) but not at the overall bacterial community level,
even with advanced sequencing approaches. This shortcoming might be overcome
with stable isotope probing with 13C-labeled IPU, which would narrow down the
analysis to the IPU-degrading guild (39).

We noticed that pdmA sequences were more abundant than pSH, suggesting that
pSH was not the only genetic element harboring pdmA in the biobed packing material.
To shed light on the genomic location of the pdmAB genes, their localization in the
metagenome of the bacterial community was studied. Sequencing of four fosmids
carrying the pdmA gene showed that the pdmAB genes resided in a cassette with an
organization identical to those of Sphingomonas sp. SH and Sphingobium sp. YBL2. The
sole exception was fosmid 14, carrying an incomplete pdmAB cassette, implying that it
was still under evolution.

The high level of conservation of the pdmAB cassette and its flanking by MGEs
suggest the involvement of horizontal gene transfer mechanisms in its dispersal among
IPU-degrading bacteria. MGEs in the pdmAB region belonged to the Tn3, IS6, and IS256
families. Tn3 transposases, forming composite transposons carrying catabolic operons
(40), were mostly remnants of previous insertions, suggesting a limited role in the
recent transposition of pdmAB. IS6 family ISs, composed of a transposase gene (789 to
880 bp) flanked by short TIRs (10 to 20 bp) and DRs (8 bp) (41), were the most common
MGEs in the pdmAB region. Members of this IS family, like IS6100, are often associated
with the transposition of catabolic operons such as lin in a hexachlorocyclohexane-
degrading Sphingomonas sp. (42) and car in carbazole-degrading Sphingomonas sp.
strain XLDN2-5 (43). Several copies of IS6 (fosmids 14 and 16 and YBL2-p4) were
truncated, lacking their binding domain at the N terminus, which is most probably the
result of a lateral insertion of an IS256 element. This was reinforced by the detection of
intact TIRs and DRs in all IS256 copies, unlike IS6 elements, which often lacked TIRs and
DRs in their flanking regions. Intact IS256 elements were also found downstream of the
pdmAB operon in fosmids 13 and 15. IS256 family MGEs form composite transposons
(44, 45) enabling the dispersal of catabolic operons such as the tetrachloroethene
reductive dehalogenase operon of Desulfitobacterium hafniense (46). The presence of
several remnants of Tn3 and identical IS6 elements in the pdmAB genomic region
suggests their ancestral role in the transposition of the pdmAB operon and their gradual
degeneration by lateral insertion events. The role of IS6 in pdmAB operon transposition
is further supported by the organization of the MGEs in pSH, where both sides of the
pdmAB operon are flanked by IS6 family transposases (named tnpX in its first report by
Gu et al. [22]), forming a composite transposon (not interrupted by IS256). The probable
lateral insertion of IS256 observed in our fosmids and YBL2-p4 could be associated with
a potential halting of the further dispersal of the catabolic operon since truncated
transposases have been shown to inhibit transposition (41). Alternatively, the insertion
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of IS256 might introduce a promoter �35 hexamer enhancing the transcription of the
catabolic operon, as previously observed in Paracoccus spp. (47). However, a search of
the relevant insertion regions failed to identify promoter motifs. Overall, our analysis
suggests that the pdmAB region is a battlefield of insertion events, with IS6 being
crucial in the initial evolution and dispersal of pdmAB. This capacity is most probably
relayed to IS256, whose exact role in the transposition or activation of the pdmAB
operon warrants further study.

We observed limited synteny between the fosmids and pSH, verifying our initial
hypothesis that the pdmAB cassette may reside in genetic structures other than pSH.
Hence, we further aimed to discern the origin of the fosmid replicons containing
pdmAB. Fosmids 13, 15, and 16 were rich in genes encoding conjugation transfer
proteins (traACDG and mobA) and plasmid partitioning genes (parAB), suggesting that
they originate from conjugative plasmids (44, 45, 48–50). They constituted mosaics of
plasmid-borne genes previously found in sphingomonads involved in the catabolism of
IPU (Sphingobium sp. YBL2 and Sphingomonas sp. SH) or chloramphenicol (Sphingobium
sp. strain CAP-1) (D. G. Karpouzas and S. Vasileiadis, unpublished data). Our results are
in line with those of a comparative genomic analysis of different IPU-degrading
sphingomonad strains by Yan et al. (23) and strongly suggest that the pdmAB cassette
is a common component of catabolic plasmids in IPU-degrading sphingomonads (51).
These results provide further confirmation of the key role of sphingomonads in the
degradation of organic pollutants (52), which stems from their remarkable capacity to
recruit catabolic genes and evolve novel catabolic pathways through horizontal gene
transfer (23, 53, 54).

Fosmid 14 showed limited synteny with pSH and YBL2-p4, lacked any gene signa-
tures of plasmid origin, and contained genes participating in housekeeping biosyn-
thetic processes in bacteria. This suggests that the content of fosmid 14 was of a
chromosomal origin belonging to the family Xanthomonadaceae and especially to the
genus Rhodanobacter. Bacteria of this genus are known as denitrifiers (55) and organic
pollutant degraders in terrestrial ecosystems (56). A recent metagenomic analysis in a
metal-contaminated groundwater aquifer identified Rhodanobacter bacteria as domi-
nant members of the bacterial community (57). This was attributed to the presence in
their pangenome of recombinational hot spots that allow the lateral gene transfer of
metal resistance genes. These findings suggest that the pdmAB cassette was recently
acquired and integrated into the genome of a Rhodanobacter sp. The detection of
pdmAB in a chromosomal fragment of a Rhodanobacter species is challenging our
knowledge that these genes exhibit a peculiar specificity for members of the Sphin-
gomonas genus. Further studies will explore the extent of pdmAB dispersal to nonsph-
ingomonad bacteria.

To conclude, IPU application to biobed packing material triggered the proliferation
and transcription activity of pdmA but did not induce any detectable distinct alterations
in the compositions of the total and active bacterial communities. Metagenomic
analysis provided novel insights into the evolution, localization, and dispersal mecha-
nisms of the pdmAB genes. These reside in a highly conserved cassette, flanked by IS6
and IS256 MGEs that drive the transposition and/or activation of pdmAB, and are
localized in distinct sphingomonad plasmids. However, their integration into the
genome of Gammaproteobacteria prone to recombination also occurs. These findings
underline the high mobility of the pdmAB cassette and reinforce the function of
on-farm biobed systems as hot spots for the evolution of novel pesticide catabolic
traits, thereby used as genetic pools for further biotechnological exploitation.

MATERIALS AND METHODS
Biobed packing material characteristics and sampling. The biobed packing material was collected

from the biobed of the experimental farm of INRAE, Dijon, France (Bretenière [47°14=25.6�N, 5°06=12.4�E
{Google Maps}]), in June 2015. It was prepared by mixing straw with a mixture of soils (36.7% clay, 43.6%
silt, and 19.7% sand) collected from different fields of the experimental farm, among which was soil
exhibiting a high IPU mineralization capacity (24). The biobed packing material had an organic matter
content of 10.2% and a pH of 7.0. The biobed had received pesticides contained in rinsates, washates,
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and spraying remnants in 2015, as listed in Table S1 in the supplemental material. Upon its collection,
the biobed packing material was sieved through a 5-mm-mesh sieve and stored at 4°C until use.

Experimental setup of three microcosm studies. For microcosm experiment 1 (Fig. 1), the biobed
packing material was initially moistened to 80% of its water-holding capacity (WHC) (70.19%), and this
moisture level was maintained throughout the incubation period. It was then treated with the recom-
mended agronomical dose of 2 mg IPU (99% purity; Riedel-de-Haen) (applied in a methanolic solution)
per kg (dry weight) of packing material. A first triplicate set of 20-g samples was removed and further
treated with 1.7 kBq of 14C-ring-labeled IPU (99% radiochemical purity; specific activity of 666,000 kBq
mmol�1) (International Isotopes, Munich, Germany) to assess IPU mineralization. Immediately after the
application of 14C-ring-labeled IPU (0 days) and 2, 4, 7, and 14 days later, the mineralization of 14C-ring-
labeled IPU to 14CO2 was analyzed as described below. In parallel, a second triplicate set of 20-g samples
(not further treated with 14C-ring-labeled IPU) was prepared to determine the abundances of pdmA and
pSH parallel to IPU mineralization. Subsamples (250 mg) of these microcosms were collected at days 0,
4, 7, and 14 and stored at �20°C before being used for DNA extraction and qPCR as described below.
For both series, all microcosms were incubated at 20°C in the dark.

For microcosm experiment 2, the biobed packing material was moistened to 50% of its water-holding
capacity, which was maintained throughout the incubation period. A sample of the biobed packing
material was separated into 20-g microcosms that were pretreated with either 2 mg IPU (aqueous
solution) per kg (dry weight) of packing material or the same amount of water without IPU to serve as
an untreated control. The microcosms were incubated at 20°C in the dark for 35 days. Upon the
completion of this pretreatment period, the IPU-treated or nontreated microcosms were retreated with
IPU (2 mg/kg [dry weight]) or received the same amount of water without IPU, respectively. To determine
IPU mineralization, immediately after the second IPU exposure, triplicate microcosms of 5 g were treated
with 1.3 kBq of 14C-ring-labeled IPU. Immediately after the application of 14C-ring-labeled IPU (0 days)
and 2, 4, 7, 10, 14, 16, and 18 days after treatment, IPU mineralization was determined as described
below. To assess the abundance and expression of the pdmA gene parallel to IPU mineralization, 2 g of
biobed packing material was sampled from both the treated and control microcosms at days 0, 4, 7, 10,
and 18 and stored at �80°C until DNA/RNA extraction and downstream qPCR and reverse transcription-
qPCR (RT-qPCR) as described below. Finally, the potential impact of IPU on the diversity of the bacterial
community of the biobed packing material was determined at days 0, 7, 10, and 18 by DNA- and
RNA-based Illumina 16S amplicon sequencing as described below.

For microcosm experiment 3, 200 g of biobed packing material was moistened to 50% of its
water-holding capacity (which was kept constant during the experiment) and subjected to three
repeated IPU applications (5 mg/kg [dry weight]) within 100 days. At the end of the treatment period,
triplicate 5-g samples were removed and used for high-molecular-weight DNA extraction and subse-
quent construction of metagenomic fosmid libraries as described below.

Mineralization of 14C-ring-labeled IPU in the biobed packing material. In microcosm experiments
1 and 2, IPU mineralization of 14C-ring-labeled IPU was measured by the evolution of 14CO2 trapped in
5 ml of 0.2 M sodium hydroxide. This was mixed with 10 ml scintillation liquid (ACII scintillation fluid;
Amersham) and analyzed by liquid scintillation counting (LS 6500 multipurpose scintillation counter;
Beckman Coulter, Brea, CA, USA). IPU mineralization parameters were determined as described previously
(33).

At the end of the incubation period of microcosm experiment 2, 14C mass balance analysis was
performed by measuring the amounts of radioactive ERs and NERs in the biobed packing material. To
determine the ER fraction, 10 ml of methanol was added to each sample, which was then thoroughly
mixed and placed on a rotary shaker at 150 rpm for 24 h. After centrifugation for 10 min at 6,000 � g, the
supernatant was recovered, and 5-ml aliquots were mixed with scintillation liquid and measured for
radioactivity by liquid scintillation counting. The remaining biobed packing material was recovered and
entirely dried at ambient temperature. The 14C-labeled NERs were determined by the combustion of 0.5
g of dried packing material under O2 flow at 900°C for 4 min using an OX-500 biological oxidizer (EG&G
Instruments, France), as previously described (58). The mass balance of 14C-labeled residues was
calculated as a percentage of the total amount of 14C radioactivity retrieved from the different fractions
(i.e., 14CO2-labeled residues and 14C-labeled ERs and NERs).

DNA and RNA extraction from the biobed packing material. In microcosm experiment 1, DNA was
extracted from 250-mg soil samples according to the ISO 11063 method (59), initially described by
Martin-Laurent et al. (60). DNA concentrations were determined with a Thermo Fisher StepOne Plus
thermocycler (Applied Biosystems) by using fluorescent dye from a Quant-iT PicoGreen dsRNA assay kit
(Invitrogen).

In microcosm experiment 2, RNA and DNA were coextracted from 2-g soil samples with the PowerSoil
RNA isolation kit and a DNA coelution accessory kit (Mobio, Carlsbad, CA, USA), respectively. A DNase
treatment step (DNase Max kit; Mobio, Carlsbad, CA) was performed to obtain DNA-free RNA extracts. The
possibility of DNA contamination was further excluded by checking for the absence of 16S rRNA gene
amplicons by PCR. The extracted RNA and DNA were quantified with a Nanodrop ND1000 spectropho-
tometer (NanoDrop Technologies Inc.).

In microcosm experiment 3, high-molecular-weight DNA was extracted using the protocol described
previously by Zhou et al. (61).

qPCR analysis of the abundance of the 16S rRNA gene, the pdmA gene, and the pSH region. In
microcosm experiment 1, prior to the quantification of target sequences, the absence of PCR inhibitors
in the DNA extracts was verified as previously described (62). The abundance of total bacteria was
measured by qPCR, according to the ISO 17601 method (63), targeting the 16S rRNA gene with the
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universal bacterial primer pair 341_F-534_R as described previously (64). The abundance of bacteria
carrying the pdmA gene was determined by qPCR using primer pair pdmA_F-pdmA_R (228 bp), designed
based on the sequence of the pdmA gene reported previously by Gu et al. (22). The abundance of the
pdmAB-carrying plasmid pSH was determined by qPCR with primer pair pSH_F-pSH_R. These primers
were designed to amplify a region on pSH of the IPU-degrading Sphingomonas sp. strain SH (bp 8596 to
8792 on pSH) (Fig. S2) (24). The selection of this specific region to quantify pSH by qPCR instead of a
region picked in the backbone of the plasmid (i.e., rep, kor, or trfA) ensured high specificity and minimal
nontarget amplification. The sequences of all primers used in the present study are given in Table 1. All
qPCRs were performed in a 15-�l volume that was composed of SYBR green PCR master mix (Absolute
qPCR SYBR green Rox; ABgene), 100 ng of T4 gp32 (Qbiogene), 2 �M relevant primers, and 0.4 ng of
template DNA. The qPCR conditions were 95°C for 15 min, followed by 35 cycles of 95°C for 15 s, 60°C
for 30 s, and 72°C for 30 s. Data acquisition was performed at 80°C. After amplification, melting curves
were obtained by increasing the temperature from 80°C to 95°C (	0.5°C/s). Calibration curves were
established from previously cloned pdmA and pSH region PCR products of the IPU-degrading Sphin-
gomonas sp. strain SH (24). Nontemplate controls (NTCs) were included in all qPCR assays.

RT-qPCR analysis of transcription of the 16S rRNA and pdmA genes. In microcosm experiment 2,
the numbers of transcripts of the 16S rRNA and pdmA genes in the biobed packing material were
determined by RT-qPCR performed with the GoTaq one-step RT-qPCR system (Promega, Madison, WI,
USA). Reaction mixtures contained 7.5 �l of 2� GoTaq qPCR master mix, 0.3 �l of 50� GoScript RT mix,
0.25 �l of carboxy-X-rhodamine reference dye (30 �M; Promega, Madison, WI, USA), 1 �M each primer
(Eurogentec, Liège, Belgium), 0.1 ng (for 16S rRNA) or 2 ng (for pdmA) of RNA, and ultrapure sterile water
to a total volume of 15 �l. Thermal conditions were 15 min at 40°C and 10 min at 95°C, followed by 40
cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s; data acquisition at 80°C for 15 s; and a
melting-curve stage for 15 s at 95°C, 1 min at 72°C, and 15 s at 95°C. Four independent replicates for each
treatment and three NTCs were used for each RT-qPCR assay. Calibration curves were obtained as
described above for microcosm study 1.

Amplicon sequencing of the total (DNA) and active (RNA) bacterial communities. In microcosm
experiment 2, the diversity of total and active bacteria in the biobed packing material was assessed by
deep sequencing of 16S rRNA amplicons obtained from DNA and RNA (cDNA) templates. Total cDNA was
obtained from DNA-free RNA using the GoTaq reverse transcription system (Promega, Madison, WI, USA)
with random hexamers according to the manufacturer’s instructions. Reverse transcription efficiency was
checked by qPCR under the same conditions as the ones described above. For both DNA and cDNA, a
two-step amplification approach targeting the V3-V4 ultravariable region of the 16S rRNA gene sequence
was used. First-step PCR was performed using the universal bacterial primers U341_F and 805_R (Table
1) with overhang adapters (forward adapter TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG and reverse
adapter GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG). The resulting amplicons were used as the
templates in a second PCR carried out with multiplexed primers containing the universal overhang
adapters and specific barcodes. The first-step PCR mix contained 2 ng of DNA or cDNA as the template,
7.5 �l of 2� Phusion high-fidelity PCR master mix (Thermo Scientific, Waltham, MA, USA), 250 ng of T4
gene 32 protein (MP Biomedicals, Santa Ana, CA, USA), 0.375 �l of each primer (10 �M), and ultrapure
sterile water to a total volume of 15 �l. Thermal conditions were 3 min at 98°C and 25 cycles at 98°C for
30 s, 55°C for 30 s, and 72°C for 30 s, followed by a final extension step for 10 min at 72°C. Duplicates from
each PCR were pooled, and a 6-�l aliquot was then used as the template to carry out eight further
amplification cycles with the barcoded primers containing the adapters. Second-step PCR was performed
using a 384 Nextera XT index kit (Illumina, San Diego, CA, USA) for the addition of multiplexing index
sequences. It was carried out in 30-�l reaction volumes containing 2.5 �l of sterile water, 15 �l of 2�
Phusion HF master mix (Thermo Scientific, Waltham, MA, USA), 250 ng of T4 gp32 (MP Biomedicals, Santa
Ana, CA, USA), 3 �l of each primer (10 �M), and 6 �l of the StepOne PCR product (Applied Biosystems).
Thermal cycling conditions were 98°C for 3 min, followed by eight cycles of 98°C for 30 s, 55°C for 30 s,
and 72°C for 30 s, with a final extension step at 72°C for 10 min. The size of the amplicons was verified
by electrophoresis on a 2% agarose gel. PCR products were purified (amplicon library purification,
PicoGreen quantification, and pooling) and sequenced (Illumina MiSeq 2 by 300 bp) by Microsynth
(Balgach, Switzerland).

TABLE 1 Primers used in the present study

Primer pair Gene target Purpose(s) Sequence (5=–3=) Reference

U341_F 16S rRNA Amplicon sequencing CCTACGGGNBGCASCAG 20
U805_R GACTACNVGGGTATCTAATCC

pdmA_F pdmA qPCR, RT-qPCR, and PCR detection
in fosmid libraries

TGGCAGTTCAGCTATGATGC This study

pdmA_R ATAGTCCCCTTTGCCTTCGT

pSH_F pSH region qPCR GGCTTGGGTACGCTATGAAA This study
pSH_R CGTTCAGGACTGCCGTAAAG

341_F 16S rRNA qPCR and RT-qPCR CCTACGGGAGGCAGCAG 64
534_R ATTACCGCGGCTGCTGGCA
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Metagenomic analysis of the biobed packing material. In microcosm experiment 3, purified
high-molecular-weight DNA was cloned in the fosmid vector pCC1FOS (Epicentre, Chicago, IL, USA) and
then transferred to Escherichia coli EPI300-T1R according to the manufacturer’s protocol. Transformed
cells were spread on LB agar plates containing chloramphenicol (15 mg/liter) and arabinose (0.01%) and
incubated for 16 h at 37°C. Approximately 10,000 colonies were picked and inoculated into 96-well plates
containing 200 �l of liquid LB medium amended with chloramphenicol (15 mg/liter) and arabinose
(0.01%) (in total, 105 96-well plates were prepared). All plates were incubated overnight at 37°C and then
replica transferred onto LB agar plates containing chloramphenicol and arabinose. The 96 growing
colonies per plate were pooled with 2 ml of sterilized ultrapure water, and the bacterial pellet was used
for fosmid DNA extraction using the Isolate II plasmid minikit (Bioline, Memphis, TN, USA). The pooled
fosmid DNA extracted from each plate was subjected to PCR with primer pair pdmA_F-pdmA_R (Table
1). PCR mixtures (30 �l) included 1� polymerase buffer containing MgCl2, 0.2 mM deoxynucleoside
triphosphates (dNTPs), 0.4 �M each primer, 2 ng of DNA, 1 U of KapaTaq DNA polymerase (Kapa
Biosystems, Wilmington, MA, USA), and sterile ultrapure water up to the reaction volume of 30 �l.
Thermal cycling PCR conditions were 95°C for 1 min, followed by 38 cycles (for pdmA amplification) of
30 s at 95°C, 30 s at 60°C, and 40 s at 72°C, with a final extension step for 5 min at 72°C. Fosmid pools
positive for pdmA were identified via agarose gel electrophoresis (1.5%). Glycerol stocks of the pdmA-
positive plates were grown in fresh 96-well plates, replica plated on LB plates, and then tested by colony
PCR for the presence of the pdmA gene. Fosmids positive for the presence of pdmA were sequenced at
the Brigham Young University (Provo, UT, USA) DNA Sequencing Center with the Illumina HiSeq system
in rapid mode for the generation of 250-bp paired-end and mate pair reads for each sample.

Data analysis. (i) Statistical analysis of qPCR and RT-qPCR data. In microcosm experiments 1 and
2, statistical analysis of variance (ANOVA) was done using XLstat. The normality of the data was checked
(Shapiro-Wilk test with a P value of �0.05), and the homogeneity of variances was verified (Levene’s test
with a P value of �0.05) for each treatment and time point. For parametric distributions, data were
compared using ANOVA followed by Tukey’s test and Student’s t test (P value of 0.05 [significant] or 0.01
[very significant]). For nonparametric distributions, data were compared using a Kruskal-Wallis test
followed by a Conover-Iman test with Bonferroni-corrected P values and a Welch test (P value of 0.05)
for pairwise comparisons.

(ii) Bioinformatic and statistical analyses of amplicon sequencing data. In microcosm experiment
2, amplicon sequencing data were analyzed using an in-house-developed Python pipeline together with
different bioinformatic tools (available upon request). 16S rRNA gene sequences were assembled using
PEAR software (65) with default settings. Further quality checks were conducted using the QIIME 1
pipeline (66). Sequences of �348 bp were removed. Reference-based and de novo chimera detection as
well as clustering into OTUs were performed with VSEARCH software (67) using appropriate reference
databases (Greengenes’ representative set of 16S rRNA gene sequences) with a threshold placed at 93%
identity. Representative sequences for each OTU were aligned using PyNAST (68). Phylogenetic trees
were constructed using FastTree (69). Taxonomy was assigned using UCLUST (70) and the latest-release
Greengenes database (v.05/2013) for 16S rRNA gene sequences (71). Bacterial �-diversity indices per-
taining to richness (Chao1), evenness (Simpson reciprocal), and relatedness (phylogenetic diversity whole
tree) were calculated based on rarefied OTU tables (64,000 sequences used per sample). UniFrac distance
matrices (72) were also computed to detect global variations in the composition of bacterial commu-
nities. Differences in phylum composition were determined using a comparative bar chart. Phyla with
relative abundances of �0.05% were excluded from this analysis. Principal-coordinate analysis (PCoA) of
OTU-weighted UniFrac distance matrices was performed and plotted with QIIME. Analysis of similarity
(ANOSIM) was performed with QIIME to identify significant differences (P value of �0.05 or 0.01) at the
community level between treatments. Subsequent pairwise analyses were performed using Primer 7
statistical software (P value of 0.05) (PrimerE, Ivy Bridge, United Kingdom).

(iii) Bioinformatic analysis of fosmids obtained from metagenomic libraries. In microcosm
experiment 3, the output sequencing data were screened with FastQC v0.11.8 (73) and quality trimmed
with Trimmomatic v0.22 (74) using default parameters and library prep kit-associated adapter removal.
Properly paired sequences were further checked for adapter remains in the case of the mate pair libraries
with NxTrim v0.4.3-778bea9 software (75). Good-quality and properly oriented trimmed sequences, of
50� minimum coverage for the paired-end and mate pair data sets (100� combined), were used for
assembling the fosmid sequences with Allpaths-LG v52488 (76). The pCC1FOS fosmid vector (GenBank
accession number EU140751.1) was manually removed from the resulting contigs with Unipro UGENE
v1.31 (77), and scaffolding was performed with SSPACE v2.0 (78) using default parameters. Sequence
structural and functional annotation was performed with Prokka v1.12 (79) with default parameters/
tools/databases and was manually curated according to the more up-to-date National Center for
Biotechnology Information (NCBI) International Nucleotide Sequence Database Collaboration (INSDC)
nonredundant (nr) nucleotide database (80), using Basic Local Alignment Search Tool (BLAST) v2.7.1	

(81). The sequences of the predicted ORFs were compared between the different fosmid inserts (GenBank
accession numbers MK304431 for fosmid 13, MK304432 for fosmid 14, MK304433 for fosmid 15, and
MK304434 for fosmid 16) and the plasmids pSH (GenBank accession number KU237244.1) and YBL2-p4
(GenBank accession number KC904972) with BLAST, and synteny plots were produced with the genoP-
lotR v0.8.7 package (82) in R v3.3.3 (83). Fosmid insert taxonomies were inferred according to the lowest
common ancestor (LCA) algorithm for a minimum of 5 consensus BLAST hits against the NCBI nr
database with metagenome analyzer (MEGAN 6 community edition) v6.1.37beta software (84). Further
analysis was performed to identify MGEs such as ISs, transposases, and their TIRs and DRs on the fosmids,
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pSH, and YBL2-p4 using ISEscan v1.7.1 (85), ISsaga (86) for ISfinder database v14-Mar-2019 (87), and the
OASIS software implementation (88) of the ISsaga application.

Data availability. Sequences were deposited in the GenBank Sequence Read Archive (SRA) database
under accession number PRJNA494388.
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